We examined the reliability of radiological findings in predicting segmental instability in 112 patients (56 men, 56 women) with a mean age of 66.5 years (27 to 84) who had degenerative disease of the lumbar spine. They underwent intra-operative biomechanical evaluation using a new measurement system. Biomechanical instability was defined as a segment with a neutral zone > 2 mm/N. Risk factor analysis to predict instability was performed on radiographs (range of segmental movement, disc height), MRI (Thompson grade, Modic type), and on the axial CT appearance of the facet (type, opening, vacuum and the presence of osteophytes, subchondral erosion, cysts and sclerosis) using multivariate logistic regression analysis with a forward stepwise procedure. The facet type was classified as sagittally orientated, coronally orientated, anisotropic or wrapped.
Segmental instability of the lumbar spine is a widely accepted biomechanical concept, 1 but the definition of instability in the clinical setting is controversial. The decision to perform a spinal fusion requires evidence of instability. Although the radiological evaluation of degenerative lumbar spines is extensively performed, [2] [3] [4] [5] [6] [7] [8] its usefulness in the diagnosis of instability is still debatable because of the large range of normal movement and the considerable overlap of underlying pathological conditions. 3, 9 The concept of 'facet opening' in the axial views of T2-weighted MR images was recently proposed to indicate instability. [10] [11] [12] [13] The presence of large fluid-filled facet joints indicates the likelihood of positional translation in patients with spinal stenosis and spondylolisthesis. [10] [11] [12] [13] A relationship, however, between the appearance of the facet joints and the biomechanical properties of the spine, has yet to be verified. Since 1997, we have been developing a new intra-operative measurement (IOM) system (patented by the Japanese Patent Office) to evaluate the mobility of a movement segment when all ligamentous structures are intact. 14 In a recent study, we showed that an increase in the volume of the facet joint measured by three-dimensional (3D) reconstructed CT is evidence of spinal instability, as represented by a greater neutral zone 15 in the degenerative lumbar spine. 16 Our aim was to clarify the radiological findings which reliably predict instability in patients who had undergone biomechanical evaluation using the IOM system.
Patients and Methods
Our IOM system comprises spinous process holders (Gi-5; Mizuhoikakikai, Niigata, Japan), a movement generator (RC-RSW-L-50-S; IAI Corporation, Shimizu, Japan) and a personal computer. The two holders were used to grip the adjacent spinous processes firmly. A cyclic displacement in a single direction at a speed of 2.0 mm/s was generated to the tips of the holders with a maximum displacement of 15.0 mm from the neutral position. The latter was defined as the position in which no load was recorded between the tips of the holders. Load at the tip of the caudal spinous process holders was measured by a load cell (LUR-A-200NSAI; Kyowadengyo Corporation, Chofu, Japan) and displacement using an optical displacement transducer (LB-080; Keyence, Chofu, Japan). Real-time load-displacement data were recorded using the personal computer. The spinous process holder was connected to the movement generator by a multidirectional ball joint, which produced flexion-extension of the segment (Fig. 1a) . The range of movement induced by craniocaudal displacements of the spinous processes of 15 mm was approximately equal to 9° of flexion-extension of the movement segment. No adverse effects occurred as a result of this forced movement. 14 The patient was placed in the prone position on a Halltype frame (Mizuho Ikakogyo Co., Ltd, Tokyo, Japan) with flexion of 20° at the hips and knees. The paraspinal muscles were detached from the spinous processes in the usual way.
Spinous process holders were attached to the two adjacent spinous processes. All the ligamentous structures of the functional spinal unit, including the supra-and interspinous ligaments and facet joints, were kept intact. The movement generator attached to the tips of the holders loaded the segment, and produced cycles of flexion-extension segmental movement; real-time load-displacement data were obtained with a sampling rate of 5 Hz. Data from the third cycle were used for biomechanical analysis.
We defined three movement parameters using the loaddisplacement data, namely, stiffness, the neutral zone, 15, 17 and absorption energy. Stiffness (N/mm) was defined as the slope of the line fitting the loaddisplacement curve from -15 mm to -10 mm on flexion. The neutral zone was defined as the reciprocal of the load needed to displace the tips of the two holders from a Diagrams showing a) the intra-operative measurement system and b) the definition of the biomechanical parameters. distance of -5 mm (flexion) to +5 mm (extension). All the lines used for measuring stiffness and the neutral zone were calculated using the least-squares method. Absorption energy (J) was defined as the area of a hysteresis loop (Fig. 1b) . In a previous series of 132 patients and eight normal segments which underwent measurement using the IOM system, we found that the neutral zones of all normal discs were < 2 mm/N. 18 If a neutral zone value of 2 is applied to a regression curve: neutral zone = 1.514 to 1.606*Log(Stiff) then stiffness = 0.496, a lower value than the minimum stiffness of normal segments. Therefore, instability was defined as a segment with a neutral zone, 15 the most reliable parameter for determining segmental instability, > 2 mm/N (Fig. 2) .
In all, 112 patients, 56 men and 56 women, were included in this study. Of these, 58 had lumbar degenerative spondylolisthesis, and 54 other degenerative diseases. Each had neurological symptoms and/or low back pain sufficient to warrant surgical treatment. Patients with scoliosis, rotational deformity or a history of previous surgery were excluded. The mean age of the patients was 66.5 years (27 to 84). The number of the measured segments were as follows: L2-3, 2; L3-4, 39; L4-5, 63; and L5-S1, 1. Informed consent was obtained from each patient after obtaining approval from the Committee of Medical Ethics of Niigata University.
Lateral radiographs were obtained as follows: a film was set in the sagittal plane with the centre at around L3 and x-ray source at a distance of 2.5 m; the voltage and electric current of the exposure were 110 kV and 140 mA, respectively. The range of movement was determined using the procedure of Dupuis et al. 2 The disc height was calculated as the mean anterior and posterior disc height divided by the anteroposterior width of the upper vertebra. MRI 1.5-Tesla scans were obtained for each patient. Disc degeneration was graded on T2-weighted midsagittal fast spin-echo images (repetition time 5000 ms/echo time 130 ms). 19, 20 The 112 discs were classified as follows: 19 grade III (inhomogeneous grey nucleus with unclear distinction of nucleus and annulus); 70 grade IV (inhomogeneous grey to black nucleus without distinction of the nucleus and annulus); and 23 grade V (black nucleus with collapsed disc space). A CT scan with 2.5 mm thick slices in the axial plane was performed after the MRI to identify the bony structure in the supine position. The middle image on the axial plane was used for evaluation of the facet. The facet joint angle was measured using the method of Boden et al. 21 The facet shape was classified into four types as follows: sagittally orientated, coronally orientated, anisotropic and wrapped (Fig. 3 ). The width of the facet joint space was measured perpendicular to the joint at its widest portion, and the facet-opening was defined as a width greater than 1.5 mm (Fig. 4) . 12 The findings of degeneration namely, the vacuum phenomenon and the presence of osteophytes, subchondral erosion, cysts and sclerosis 20 were also recorded. The surgical procedure to be undertaken was decided on at the time of evaluation by the IOM system. If the neutral zone of the segment was < 2 mm/N, the segment was considered to be stable and laminoplasty was carried out. If the neutral zone was ≥ 2 mm/N, the segment was considered to be unstable and decompression and transforaminal interbody fusion were performed. Both options were covered by informed consent. For those patients who would not consent to a fusion, we performed a laminoplasty even if they were shown to be unstable by the IOM systems. Consequently, laminoplasty was performed in 84 patients. There were 39 men and 45 women with a mean age of 68.7 years (41.0 to 84.0). Transforaminal lumbar interbody fusion was carried out in 28. There were 17 men and 11 women with a mean age of 59.9 years (21.0 to 78.0) years. Each patient was evaluated using the Short-Form 36 (physical function and pain domains) 22 and a visual analogue scale (VAS) for pain in the leg and back. Statistical analysis. Before multivariate analysis, values of neutral zone were correlated with the radiological findings which included degenerative spondylolisthesis, MRI grade, 19, 20 MRI type according to Modic et al 23 and the CT findings: facet type, opening, 12 and the presence of erosion, osteophytes, subchondral cysts, and sclerosis. A linear regression analysis was performed for the neutral zone with age, range of movement and disc height.
In order to identify the most critical risk factors for instability, risk-factor analysis was performed on the radiological appearances by multivariate logistic regression with a forward stepwise procedure (p < 0.10 for entry). Goodness-offit and significance of the model were evaluated by probability profiles and a receiver operating characteristic (ROC).
Scattergram of the neutral zone (NZ) and stiffness showing the definition of biomechanical instability in 132 segments with degenerative disease and eight normal segments from previous studies.
14 Fig. 2 This is represented by plotting the fraction of true-positive rate versus the fraction of the false-positive rate. The area under the ROC curve is equal to the probability that the model actually indicates instability.
The SF-36 (physical function and pain domains) and the VAS (low back and leg pain) scores were obtained for patients with and without instability and compared using the Wilcoxon rank-sum test. The effects of surgical treatment were investigated by comparing the same outcome measures before surgery and at final follow-up of the patients treated by transforaminal lumbar interbody fusion and laminoplasty using Student's t-test with power analysis.
The JMP software package version 5.0.1a (SAS Institute, Cary, North Carolina) was used for all statistical analyses. A p-value ≤ 0.05 was considered to be significant.
Results
Correlation of the neutral zone with clinical, demographic and radiological factors. This zone was significantly greater in patients with degenerative spondylolisthesis than in those without (Wilcoxon rank-sum test, p < 0.01). The sagitally orientated, coronally orientated, and anisotropic facet types tended to have a higher neutral zone than the wrapped facets. Segments with facet opening also tended to have a higher neutral zone than those without. There was no significant difference in the neutral zone based on the MRI classification, the MRI Modic type, vacuum, and the presence of osteophytes, subchondral cysts or sclerosis of the facet (Table I) . Risk factors and segmental instability. Using a forward stepwise multivariate logistic regression analysis spondylolisthesis, the MRI grade, facet opening, and subchondral sclerosis of the facet were selected as risk factors (Table II) . Of these, facet opening (odds ratio (OR) 5.022, chi-squared test, p = 0.009) was the strongest risk factor for identifying segmental instability (Table III) . Probability profiles of instability in the multivariate logistic model were examined. If there was degenerative spondylolisthesis, MRI grade 3 and 4, facet opening(+) and subchondral sclerosis(-), instability was present in 103 (91.6%) patients. If the segment did not have degenerative spondylolisthesis, MRI grade 5, facetopening(-) and subchondral sclerosis(+), the probability of instability was as low as 4.2%. The radiological findings, intervertebral disc height and range of movement were not predictors of instability. The area under the ROC curve of the multivariate logistic model in our study was 0.75748, which could be generally interpreted as moderate accuracy. The pain domain in SF-36 of patients with instability was significantly higher than that of patients without instability (Wilcoxon rank-sum test, p < 0.01). Conversely, the VAS of low back pain in the patients with instability was significantly higher than that in the patients without instability (Wilcoxon rank-sum test, p = 0.0224; Table IV ). After surgery, the physical function and pain domains of the SF-36 improved significantly in both the transforaminal interbody fusion and laminectomy groups (Student's t-test p < 0.001). The VAS of low back pain and leg pain also significantly decreased after surgery (Student's t-test p < 0.001; Table V) . Even in the patients who were unstable the physical function and pain domains in SF-36 improved and the VAS of low back pain and leg pain decreased significantly after surgery in both groups (Student's t-test, p < 0.001).
Discussion
We investigated the radiological risk factors for segmental instability. Using forward stepwise multivariate logistic regression in 112 patients, spondylolisthesis, the MRI grade, facet opening and subchondral sclerosis of the facet were selected as risk factors. Of these, the latter was the strongest risk (Table II) . The facet joint is a crucial component in stability of the lumbar spine. The facet joints prevent excessive movement from damaging the discs and the posterior annulus is protected during torsion by the facet surfaces and during flexion by the capsular ligaments. [24] [25] [26] The compliance of the joint for torsion in a normal segment, however, is quite low. The physiological range of rotational movement is approximately 10° for the entire lumbar spine, or approximately 1° on each side for each joint. 27 Joint failure can occur after approximately 10° to 30° of torsion and irreversible damage to the joints will occur when torsion exceeds 3°. 28 Therefore, radiological abnormalities of the facet joints contribute to the diagnosis of segmental instability.
Recent MRI studies of the degenerative lumbar spine have shown that the presence of a large fluid-filled joint, giving a high signal change on T2-weighted axial images, especially in the upright position, is related to instability. 10, 11, 13 Chaput et al 12 investigated MRI scans and standing lateral flexion/extension radiographs in 54 patients who had a degenerative spondylolisthesis and compared them with those in 39 patients who did not. They concluded that large (> 1.5 mm) facet joint effusions are highly predictive of degenerative spondylolisthesis at L4-5 in the absence of a measurable anterolisthesis on supine MRI. A normal facet joint space is fairly narrow with a thick articular cartilage and a tight capsule. Tears gradually accumulate in the articular cartilage and joint capsule as degeneration progresses, resulting in loosening of the joint which can be verified by MRI or CT as facet opening. Segmental instability, represented by the neutral zone, worsens as the volume of the facet joint space increases in the degenerative lumbar spine, 16 in line with the clinical findings. [10] [11] [12] [13] Tropism of the lumbar facet joint does not accelerate degeneration of the facet joint. Age, spinal level and the overall angle of the facet joint are more important factors than tropism for degeneration of the facet joint. 29 In our study, facet type (Fig. 3) was not a predictor of stability, but comparison of the neutral zone among the facet types revealed that the sagittally-orientated type tended to be unstable, while the wrapped type tended to be stable. Subchondral sclerosis of the facet joint is considered to be a sign of advanced degeneration of the segment. Most patients with subchondral sclerosis had a hypertrophic facet with large osteophytes, and tend to have a 'stable' segment.
In our study the segments with MRI grade 3 or 4, which corresponds to mild disc degeneration, were more prone to being 'unstable' than those with MRI grade 5. Fujiwara et al 30 CT scan showing details of facet opening. investigated the relationship between the grade of degeneration (disc and facet joint) and segmental movement, and reported that movement increased with increasing severity of disc degeneration up to grade IV, but that it decreased in both genders when disc degeneration advanced to grade V. Axial rotational movement increased as the cartilage of the facet joints degenerated suggesting that cartilage degeneration, and especially thinning of the cartilage, caused capsular ligament laxity, allowing for abnormal movement or hypermobility of the facet joint. 30 These findings are compatible with our results.
Increased range of movement on flexion-extension radiographs was not a significant predictor of instability and neither was degenerative spondylolisthesis as a single factor. Matsunaga, Ijiri and Hayashi 31 investigated conservativelytreated patients with degenerative spondylolisthesis over ten to 18 years. Their mean age at the time of the initial examination was 58.6 years. They noted that at the end of the study period (mean age 76 years), a total of 84 (76.4%) of 110 patients who had had no neurological defect at the initial examination remained without a neurological defect and also without progression of their spondylolisthesis after ten years. The natural history suggested that degenerative spondylolisthesis did not always lead to instability in elderly patients who had probably reached a stabilisation phase 32 corresponding to MRI grade 5.
Low back pain was significantly more severe in patients with instability (Table IV) . Furthermore, the surgical treatment which was decided upon during surgery using the IOM system was effective (Table V) . This suggested that segmental instability influenced the symptoms of lumbar degenerative disease. The aetiology of low back pain has not been clearly addressed. A variety of causes such as degenerative disease of discs and/or facet joints, spinal deformity, lesions of muscle and/or fascia and even psychological factors is thought to give rise to low back pain. Segmental instability is merely the biomechanical failure of a lumbar segment and does not necessarily correlate with the degree of pain. Previous studies, however, have mostly identified instability using flexion/extension radiographs and have not presented biomechanical measurements including the neutral zone, which is the key to identifying instability. We are the first to define segmental instability in the clinical setting. Using a simple biomechanical method, we can show a relationship between instability defined by an increased neutral zone and symptoms (Table IV) . Therefore we consider that segmental instability, if clearly defined from a biomechanical standpoint, can cause low back pain.
Probability profiles of instability were examined. If the lumbar segment showed degenerative spondylolisthesis, MRI grade 3 and 4, facet opening(+), and subchondral sclerosis(-), 91.6% of the segments were unstable. On the other hand, if the segment showed no sign of degenerative spondylolisthesis, MRI grade 5, facet opening(-), and subchondral sclerosis(+), the probability of instability was as low as 4.2%. Radiological findings, intervertebral disc height, and range of movement were not predictors of instability. These probabilities of instability calculated from the combination of the risk factors corresponded to the clinical findings. However, the area under curve of the ROC of the multivariate logistic model showed only moderate accuracy indicating further studies are necessary to improve the predictability of segmental instability by radiological methods. 
